Nitrogen mineralization occurring near the soil surface of agroecosystems determines the quantity of plant-available N, and soil enzymes produced by microorganisms play signifi cant roles in the N mineralization process. Tillage systems may infl uence soil microbial communities and N mineralization enzymes through alterations in total soil C and N. Soil aggregates of different sizes provide diverse microhabitats for microorganisms and therefore infl uence soil enzyme activities. Our objective was to test the hypothesis that activities of N mineralization enzymes increase with aggregate size and in no-till compared with tilled systems. Potential activities of N-acetyl glucosaminidase (NAG), arylamidase, l-glutaminase, and l-asparaginase were measured in fi ve aggregate size fractions (<0.25, 0.25-0.5, 0.5-1, 1-2, and 2-4 mm) obtained from soils of three long-term (22-yr) tillage systems (no-till, chisel plow, and moldboard plow). All enzyme activities were signifi cantly (P < 0.05) greater in notill than in tilled systems and positively correlated (P < 0.005) with potential N mineralization. Potential activities of NAG, l-glutaminase, and arylamidase were signifi cantly greater (P < 0.05) in the intermediate (0.5-1-mm) aggregate size than in other size fractions. All enzyme activities were positively correlated with total soil C (P < 0.0001), N (P < 0.05), and microbial biomass C (P < 0.05). Aggregate size had signifi cant effects on NAG, arylamidase, and l-glutaminase activities but the magnitudes were small. Fungal biomarkers (18:2ω6c and 16:1ω5c) determined by the phospholipid fatty acid (PLFA) method were signifi cantly greater in the no-till than in tilled systems and positively correlated with all enzyme activities. This suggests that no-till management enhances activities of N mineralization enzymes by enhancing the proportion of fungal organisms in the soil microbial community.
S
oil N mineralization is the most signifi cant process that determines the quantity of N available to plants. Accordingly, rapid assessment of N mineralization is crucial to determine the quantity of fertilizer N required to increase crop yield as well as to prevent environmental problems due to NO 3 leaching and greenhouse gas emissions in agroecosystems. Accurate prediction of N mineralization potential is still a challenge, however, because of the complex dynamics of microorganisms in soil. Soil aggregates have been portrayed as microbial habitats occupied by a wide range of microorganisms including bacteria, fungi, protozoa, etc. (Foster, 1988; Hattori, 1988) . Soil enzymes that are primarily of microbial origin (Ladd, 1978) are commonly found in viable microbial cells or associated with dead cells and cell debris; however, abiotic enzymes associated with the soil matrix may adsorb to clay particles or bind with humic colloids (Burns, 1982) .
Soil organic matter, microorganisms, and mineral particles congregate to form soil aggregate size fractions (Tisdall and Oades, 1982) . Long-term tillage disrupts soil aggregates and increases the losses of organic matter, resulting in a faster turnover rate of macroaggregates. In no-till systems, however, soil organic matter is protected from degradation by the formation and stabilization of microaggregates within macroaggregates, accompanied by a slower turnover rate of macroaggregates (Six et al., 1999) . As a result, increased organic matter in macroaggregate size fractions also promotes a greater level of microbial activity in comparison with microaggregates (Franzluebbers and Arshad, 1997; Gupta and Germida, 1988; Mendes et al., 1999) . Moreover, the fatty acid 18:2ω6c, the biomarker for soil fungi, was more abundant in macroaggregates than in microaggregates (Schutter and Dick, 2002) , indicating an uneven distribution of microbes in different aggregate size fractions. In addition to infl uencing the composition of microbial communities, pore space associated with different aggregate size fractions could also regulate the movement of substrates and soil enzymes (Sollins et al., 1996) . Particulate organic matter and microbial biomass associated with macroaggregates were more highly correlated with enzyme activity than in other size fractions (Miller and Dick, 1995) .
No-till soils have been shown to have increased activities of enzymes involved in N mineralization, including amidohydrolases (l-asparaginase, l-glutaminase, amidase, and urease) (Deng and Tabatabai,1996) , and arylamidase (Acosta-Martinez and Tabatabai, 2001 ) compared with tilled soils. Few studies, however, have elucidated the relationships between microbial habitats and associated enzyme activities involved in N mineralization. Allison and Jastrow (2006) observed greater potential activities of cellobio-hydrolase, β-glucosidase, and NAG enzymes in particulate organic matter fractions and suggested that active microbes in these fractions synthesize more enzymes to degrade plant-rich materials. Fansler et al. (2005) , however, demonstrated greater β-glucosidase and NAG activities associated with microaggregate size fractions than with macroaggregates.
Nitrogen mineralization is infl uenced by the interaction between substrates of different biochemical composition and the enzymes synthesized by the microbial communities (Sinsabaugh, 1994) . Studies have suggested that changes in soil microbial community composition could also affect enzyme activities in no-till and conventionally tilled systems . Few studies, however, have examined the relationships between microorganisms and N mineralization enzymes associated with the soil aggregate size fractions of contrasting tillage systems. Such studies are important for identifying microbial habitats with greater biochemical activity and sustaining these by using suitable tillage and soil management practices. Elliott and Coleman (1988) hypothesized that managing the microbial habitats is a viable approach for modifying soil biota for sustained production. Therefore, the primary objective of this research was to evaluate the hypothesis that tillage systems and aggregate size fractions impact microbial communities and the activities of enzymes involved in N mineralization.
MATERIALS AND METHODS

Site Description
A long-term (22-yr) tillage experiment at the Upper Piedmont Research Station, Reidsville, NC, was sampled. The soil is a Wedowee sandy clay loam (25% silt, 27% clay and 48% sand) classifi ed as a fi ne, kaolinitic, thermic Typic Kanhapludult. The experimental plots were established in 1984 with nine tillage treatments that were arranged as a randomized complete block with four replications. Plots were cropped with a corn (Zea mays
We characterized three tillage treatments that were expected to produce signifi cant differences in soil aggregate turnover and in soil chemical and microbial properties. The treatments were (i) moldboard plow followed by disking twice at the time of planting in the spring; (ii) chisel plow followed by disking twice at the time of planting in the spring; and (iii) no-till in which planting was performed using a double disk opener assembly following a ripple coulter. The moldboard plow treatment inverts the Ap horizon and thus crop residues are incorporated to a depth of 25 to 30 cm. The chisel plow operation is performed to a soil depth of 20 to 25 cm with curved shanks spaced at 30-cm intervals.
Sampling and Aggregate Separation
Surface (0-10-cm depth) soil samples were collected with a shovel. This sampling depth was used because the impacts of tillage systems on the biological properties of soil tend to be more pronounced near the surface. For example, Iyyemperumal et al. (2007) showed that microbial biomass C and N were two to three times greater in the 0-to 5-cm layer than in the 5-to 15-cm layer of a pasture soil that had not been tilled for approximately 8 yr.
Soil samples collected in November 2004 were stored in chests containing ice and transported to the laboratory. On the following day, large soil clods were gently crushed by hand and dried at 4°C for approximately 7 d to reach 10% soil water content. A preliminary study showed that soil samples should be dried at 4°C for approximately 3 to 5 d to reach the target soil water content at which the dry-sieving method could be effectively implemented. Aggregates of different sizes were separated by placing 400 g of soil on a series of nested sieves that were mounted on a Ro-Tap sieve shaker (W.S. Tyler, Mentor, OH). The shaker was vibrated for 3 min at the speed of 200 to 250 oscillations min −1 . Five size fractions of aggregates were collected: 2 to 4, 1 to 2, 0.5 to 1, 0.25 to 0.5, and <0.25 mm. Soil aggregate fractions obtained by dry sieving have been successfully used by others (Mendes et al., 1999; Schutter and Dick, 2002) to examine microbial properties. The sand contents obtained by this method for the different aggregate size fractions were not signifi cantly different (data not shown). Therefore, the chemical and biological data were not normalized to a sand-free aggregate weight. All soil aggregate samples were stored at 4°C until further analyses could be performed.
Soil Properties
Total C and N were determined by the direct combustion method using a PerkinElmer 2400 CHN analyzer (PerkinElmer, Norwalk, CT). Inorganic N (NH 4 + -N and NO 3 − -N) of aggregate samples was extracted with 1 mol L −1 KCl and quantifi ed with a Lachat fl ow-injection auto analyzer (Lachat Instruments, Mequon, WI). Particle size analyses were conducted on all fi ve aggregate size fractions obtained from three tillage systems using the hydrometer method (Gee and Bauder, 1986) without any pretreatment for organic matter removal. Soil microbial biomass C and N were determined by the chloroform-fumigation extraction method (Brookes et al.,1985; Vance et al., 1987) . Samples of aggregate fractions were fumigated with ethanolfree chloroform for 24 h. Both fumigated and unfumigated samples were extracted by addition of 50 mL of 0.5 mol L −1 K 2 SO 4. The samples were then shaken for 60 min on a rotary shaker at 200 rpm and fi ltered through Whatman no.1 fi lter paper. The fi ltered extracts were stored at 4°C until extractable C and N could be determined. Total organic C in fumigated and unfumigated fi ltered extracts was measured using a total organic C analyzer (Model TOC-5000, Shimadzu Scientifi c Instruments Inc., Columbia, MD). Extractable N in fumigated and unfumigated fi ltered samples was measured using the alkaline persulfate oxidation method (Cabrera and Beare, 1993) . The difference in total extractable C or N between fumigated and unfumigated samples was divided by conversion factors 0.45 and 0.54 to obtain microbial biomass C and N, respectively (Brookes et al.,1985; Vance et al., 1987) .
Potential N mineralization of soil aggregates was measured via the anaerobic incubation method (Bundy and Meisinger, 1994) . Fifteen grams of soil aggregate samples was measured into a 100-mL glass bottle and 50 mL of deionized water was added and stirred well. Then the glass bottles were covered with Parafi lm, tightly sealed with caps, and incubated at 40°C under anaerobic conditions for 7 d. After 7 d, the soil samples were extracted with 50 mL of 2.0 mol L −1 KCl and the extract was fi ltered using Whatman no. 42 fi lter paper. The NH 4 concentration in the fi ltrate was measured with the Lachat fl owinjection auto analyzer. Samples of soil or aggregate fractions not sub-jected to anaerobic incubation were extracted with 1 mol L −1 KCl, fi ltered, and analyzed for NH 4 . This background NH 4 concentration was subtracted from the NH 4 concentration determined for samples subjected to anaerobic incubation to determine the amount of NH 4 produced from the mineralization of organic N during the incubation.
Soil Enzyme Assays
While the soil microbiological and chemical properties were measured immediately after soil sampling, soil enzyme assays were conducted in August 2005, 9 mo after the soil samples were removed from the plots (November 2004) and stored at 4°C. Enzyme activities determined with fresh whole soil samples taken in April 2006 were similar to those measured for whole soils that had been stored for 9 mo. Lee et al. (2007) also demonstrated that soil enzyme activities were stable when stored at 4°C for several months. Therefore, enzyme activities for aggregate fractions from the 2004 sampling are presented.
We chose to quantify four enzymes, two of which (NAG and arylamidase) are responsible for the breakdown of complex organic N compounds into amides, amino sugars, and amino acids (aminization). The other two (l-glutaminase and l-asparaginase) are involved in the production of NH 4 from amino acids (ammonifi cation).
The activity of N-acetyl-β-glucosaminidase was determined according to Parham and Deng (2000) . One gram of fi eld-moist soil aggregates was incubated at 37°C with p-nitrophenyl-N-acetyl-β-glucosaminide and acetate buffer (pH 5.5) for1 h. The reaction was stopped by addition 0.5 mol L −1 CaCl 2 and 0.5 mol L −1 NaOH. The color intensity of the fi ltered samples that resulted from the production of p-nitrophenol was measured at 405 nm with an ultravioletvisible light spectrophotometer. The amount of end product, p-nitrophenol, in the fi ltrates was determined from a standard curve for pnitrophenol prepared as described by Tabatabai and Bremner (1969) . Substrate controls were incubated without any soil to account for any chemical hydrolysis of the substrate during the incubation time. Soil sample controls were also analyzed in the same manner as soil assay samples except that the substrate was added after stopping the incubation with 0.5 mol L −1 CaCl 2 and 0.5 mol L −1 NaOH. This control corrected for background soil color.
Arylamidase activity was measured in soil aggregate fractions according to Acosta-Martinez and Tabatabai (2000) . One gram of fi eldmoist soil aggregate fractions along with Tris (hydroxyl methyl) amino methane buffer (pH 8.0) and l-leucine β-naphthylamide hydrochloride were incubated on a shaker (Classic Model R2 portable shaker, New Brunswick Scientifi c, Edison, NJ) at 37°C for 1 h. The reaction was stopped by the addition of 95% ethanol and the soil extract was centrifuged at 17,000 × g for 10 min. The β-naphthylamine in the supernatants was converted to an azo compound by the addition of ethanol and p-dimethylaminocinnamaldehyde. The absorbance of the resulting red-colored azo compound was measured colorimetrically at 540 nm. Soil and substrate controls were used to correct for background soil color and to account for chemical hydrolysis of the substrate. A standard calibration curve was developed by plotting absorbance as a function of different concentrations of β-naphthylamine.
The activities of l-glutaminase and l-asparaginase were assayed using 5 g of fi eld-moist aggregate fractions as described by Frankenberger and Tabatabai (1991a,b) . Samples were treated with 0.2 mL of toluene to inhibit synthesis of microbial enzymes during the incubation period. For asparaginase activity, the substrate, l-asparagine, was added to the toluene-treated aggregate samples along with THAM buffer (pH 10.0) and incubated for 2 h at 37°C. The reaction was stopped by the addition of a 2.5 mol L −1 KCl-Ag 2 SO 4 solution. Ammonium N produced by asparaginase was determined by steam distillation of 10-mL (l-asparaginase) aliquots with 0.2 g of MgO for 2 min as described by Keeney and Nelson (1982) . Glutaminase activity was measured in a similar manner using l-glutamine as the substrate. Aliquots (5 mL) of the reaction mixture were steam distilled to recover the NH 4 -N. Preliminary experiments revealed that steam distillation for 2 min was suffi cient to recover NH 4 from the samples. Ammonium in the distillates was determined by titration with 0.005 mol L −1 potassium biiodate. For both l-glutaminase and l-asparaginase activities, controls without substrates were used to correct for background NH 4 in the aggregate samples. Substrate controls without any sample were used to correct for NH 4 released from the chemical hydrolysis of l-glutamine and l-asparagine.
Microbial Community Composition
Phospholipid fatty acid analysis was conducted as described by Yao et al. (2006) . Freeze-dried aggregate samples (5 g) were extracted with 50 mmol L −1 phosphate buffer, chloroform, and methanol (0.8:1:2) and after 2 h the samples were centrifuged, fi ltered, and then resuspended with chloroform and methanol to achieve a fi nal ratio of 0.9:1:1. After extraction, the neutral lipids, glycolipids, and phospholipids were separated on solid-phase extraction cartridges containing 500 mg of silica with chloroform, acetone, and methanol, respectively. The methanol containing phospholipids was evaporated under N 2 and the internal standard methyl nonadecanoate fatty acid (19:0) solution was added before transesterifi cation. Fatty acid methyl esters (FAMEs) were prepared by mild alkaline methanolysis (1:1 methanol/toluene and 0.2 mol L −1 KOH in methanol) and by heating in a water bath for 30 to 45 min (37°C). The FAMEs were extracted with hexane, dried under N 2 , redissolved with hexane into gas chromatography vials with fused glass inserts, and analyzed with a gas chromatograph equipped with a fl ame-ionization detector (Microbial ID, Newark, DE). Data are expressed as relative mole percentage, calculated as the area of each PLFA peak relative to the summed area of all PLFA peaks, after adjusting for the number of C atoms per mole of PLFA. Fatty acids are commonly denoted as the total number of C atoms, the number of double bonds, followed by the position of the double bond from the methyl end of the molecule.
Statistical Analysis
Although the microbiological and chemical properties of whole soil and soil aggregate size fractions were analyzed, only the effects of tillage system and aggregate size fractions were evaluated by statistical analysis and are presented here. The experiment was modeled as a split-plot design, with tillage systems as the main-plot effect and aggregate size as the subplot. The statistical signifi cance of differences among tillage systems and among aggregate size fractions and their interaction effects for enzyme activities, soil properties, and specifi c lipids were analyzed with analysis of variance using the PROC GLM procedure (SAS Version 9.1.2, SAS Institute, Cary, NC). Mean separation was done with an F-protected LSD test.
Nonmetric multidimensional scaling (NMS) in the PC-ORD software package (MjM Software, Gleneden Beach, OR) was used to analyze the effect of tillage systems and aggregate size on integrated enzyme activities (four enzyme activities) and microbial community composition. Relative abundance (mol %) of the 20 PLFAs that were identifi ed from all soil aggregate samples and the potential activities of all four enzymes were used for NMS analysis. Potential enzyme activities were logarithmically transformed before entering into the NMS main matrix. Nonmetric multidimensional scaling is an iterative ordination method that is well suited to data that are not normal or are of different scales, since it conserves the rank order of sample dissimilarities in the rank order of distances (Clarke, 1993) . In establishing rank order, the highest value for a parameter was assigned a value of 1. The autopilot mode with slow and thorough setting of NMS in PC-ORD was used. This setting performs 40 runs with real data and 50 runs with randomized data to determine the optimal dimension. Since a two-dimensional solution was recommended in both PLFA and enzyme data, NMS was rerun by specifying a two-dimensional solution and the signifi cance of this solution was evaluated using a Monte Carlo test. The fi nal stress for the two-dimensional solution was 5.38, which is considered satisfactory (McCune and Grace, 2002) . The multiple response permutation procedure (MRPP) was used to determine whether tillage and aggregate size treatments signifi cantly affected the integrated enzyme activities and microbial community composition. In MRPP, the A value ranges from 0 to 1 and a higher A value indicates within-group homogeneity while the P value explains the possibility of the observed value due to chance (McCune and Grace, 2002) . To study the signifi cance of the relationship between microbial community composition and enzyme activities, the NMS axis that explained the largest variation in PLFA data (dependent variable) and the enzyme activities of the four enzymes (independent variables) were analyzed using Spearman correlation analysis.
RESULTS
Infl uence of Tillage on Distribution of Aggregate Size Classes
The tillage system had no signifi cant effect on the distribution of aggregate size classes as determined by the dry-sieving method. Therefore, when averaged across tillage treatments, different aggregate size fractions as a percentage of total soil mass were: 2 to 4 mm, 27.1%; 1 to 2 mm, 19.8%; 0.5 to 1.0 mm, 13.6; 0.25 to 0.5 mm, 17.0%; and <0.25 mm, 21.4%. Gruver (2007) analyzed soil samples from the same experimental site using a wet-sieving method and demonstrated tillage effects on aggregate size distribution. Thus, the methodology for separating aggregates has an impact on the aggregate size distribution. Since our primary goal was to determine whether soil aggregate size fractions had different chemical and microbial properties, however, we consider fragmentation of moist soil by the dry-sieving method suitable for this purpose. Dry-sieving methods have been used by others to study the microbial properties of different aggregate size classes (Sainju, 2006; Mendes et al., 1999; Schutter and Dick, 2002) .
Properties of Soil Aggregate Size Fractions from Different Tillage Systems
Total soil C and N levels were signifi cantly greater (twofold) (Table 1) under no-till than the moldboard plow system (P < 0.001). Total soil C and N levels also differed signifi cantly (P < 0.005) with aggregate size. The 0.5-to 1-mm and greater aggregate size fractions had 15 to 20% greater total soil C and N concentrations than the smaller aggregate sizes (Table 1) . Soil from the no-till and chisel plow systems had signifi cantly greater (1.5-to twofold, Table 1 ) microbial biomass C and N than the moldboard plow system (P < 0.05). Aggregate size had signifi cant impacts on microbial biomass C and N contents (P < 0.0001). The two smallest microaggregate size fractions (<0.25 and 0.25-0.5 mm) had signifi cantly lower microbial biomass C than the larger size fractions (Table 1) . Tillage, aggregate size, and the interactions between tillage system and aggregate size were significant (P < 0.002) for potential N mineralization (Fig.  1) . The potential N mineralization rate of all the aggregate size fractions of the no-till and chisel systems were 1.5 to two times greater than for the moldboard system. The potential N mineralization rate under the no-till and chisel systems varied between 2.89 and 6.91 mg N kg −1 aggregates d −1 , whereas under the moldboard system it varied between 1.42 and 1.93 mg N kg −1 aggregrates d −1 (Fig. 1) . Although there were signifi cant (P < 0.05) differences in potential N mineralization among the soil aggregate fractions for the notill and chisel tillage systems, there was no aggregate size effect on this parameter in the moldboard tillage system (Fig. 1) .
Activities of Aggregate-Associated Aminization Enzymes
Tillage and aggregate size main effects on aminization enzymes were signifi cant (P < 0.05), but interactions between tillage system and aggregate size were not signifi cant. Activities of NAG varied from 16 to 52 mg PNP kg −1 aggregates h −1 among the aggregate size fractions of the three tillage systems (Table  2) , and NAG activity under the no-till and chisel systems was signifi cantly greater (2-2.5 times) than under the moldboard system. The intermediate 0.5-to 1.0-mm aggregate size fraction of soil from all three tillage systems had the highest NAG activity compared with other size fractions ( Table 2) .
The arylamidase activity was signifi cantly greater (20-25%) under the chisel system than the moldboard plow and no-till systems (Table 2) . Under all three tillage systems, arylamidase activity was signifi cantly higher in the intermediate aggregate fractions (0.25-0.5-and 0.5-1-mm fractions) compared with the largest and smallest fractions (Table 2) . Tillage system had a much greater effect on NAG activity (the moldboard plow system had 60% lower activity than the no-till system) than on arylamidase (the moldboard plow and no-till systems had similar activities; Table 2 ).
Activities of Aggregate-Associated Ammonifi cation Enzymes
The effect of tillage system on l-asparaginase activity was signifi cant (P < 0.0001), while the effects of aggregate size and the tillage × aggregate size interaction were not signifi cant. The activity of l-asparaginase was twofold greater (Table 2) under the no-till system than under the chisel and moldboard plow systems, and activities under the chisel and moldboard plow systems were similar. In contrast to aminization enzymes, the l-asparaginase activity did not differ signifi cantly with aggregate size. The main effects of tillage and aggregate size on l-glutaminase were signifi cant (P < 0.02). Tillage and aggregate size interaction effects on l-glutaminase were not signifi cant. The l-glutaminase activity was twofold higher in soils under the no-till and chisel systems (Table 2) than the moldboard system.
All four enzyme activities were signifi cantly correlated with potential N mineralization (Table 3 ). All enzyme activities except arylamidase and l-asparaginase were signifi cantly correlated with each other (Table 3) .
Microbial Composition of Aggregate Size Fractions of Three Tillage Systems
Microbial community composition analyzed by the PLFA (mol %) method showed that the composition of the communities differed among the three tillage systems (Table 4 ). The NMS Axis 1 for the PLFA data (r 2 = 0.833) and NMS Axis 2 (r 2 = 0.110) explained 94.3% of the variation in all the soil samples (Fig. 2) . Soil samples were mainly separated by tillage Table 2 . Effects of tillage system and aggregate size on activities of soil enzymes associated with N mineralization. Since tillage × aggregate size interactions were not signifi cant, the main effects of tillage treatment and aggregate size are presented. Values for tillage treatments were derived by averaging across aggregate sizes, and values for aggregate size fractions were derived by averaging across tillage treatments. systems (Axis 1) and second by the aggregate size (Axis 2). An A value of 0.3205 (P < 0.005) from the MRPP test also indicated that microbial community composition differed among tillage systems, but there was no signifi cant effect of aggregate size (A = −0.126, P = 0.865). Biomarkers for Gram positive and Gram negative bacteria did not differ signifi cantly among tillage systems (Table 4) ; however, the sum of fungal biomarkers (16:1ω5c and 18:2 ω6c) was signifi cantly greater for no-till systems than for chisel plow or moldboard plow systems (Table 4) .
Relationships among Microbial Composition and Enzyme Activities
Variations in all the four enzyme activities of the three tillage systems and the aggregate size fractions were arranged in two dimensions by using NMS (Fig. 3) . The NMS Axis 1 (r 2 = 0.960) and Axis 2 (r 2 = 0.037) accounted for almost 99.7% of the variability in all the soils (Fig. 3) . The integrated enzyme activities also differed signifi cantly (A = 0.5569, P < 0.0001) among the three tillage systems. The NMS Axis 1 of the integrated enzyme activities was signifi cantly correlated with total C (P < 0.0001), total N (P < 0.0001), microbial biomass N (P < 0.0001), microbial biomass C (P < 0.005), and potential N mineralization (P < 0.005) ( Table 5 ).
The NMS Axis 1 for the PLFA data accounted for most of the differences in the microbial community composition. The NMS Axis 1 scores were also well and negatively correlated with the potential enzyme activities (Table 6 ) except for arylamidase. The sum of fungal biomarkers (16:1ω5c and 18:2ω6c) was also signifi cantly and positively correlated with the activities of NAG, arylamidase, l-glutaminase, and l-asparaginase (Table 7) .
Relative abundances (mol %) of some individual PLFAs were correlated with the total potential activity of the four enzymes (Table 8 ). The activities of NAG, l-asparaginase, and l-glutaminase were signifi cantly correlated with saturated fatty acid (16:0) and monounsaturated fatty acids (18:1ω9t and 18:1ω9c); however, all four enzymes were positively correlated with 16:1ω5c, the biomarker for mycorrhizal fungi. The activities for l-asparaginase and l-glutaminase were negatively correlated (P < 0.001) with the 17:0 cyclo biomarker. Although NAG and l-asparaginase activities were signifi cantly correlated with the saprotrophic fungal biomarker (18:2ω6c), arylamidase and l-glutaminase activities were not (Table 8) . Doran (1980) demonstrated that the total organic C and Kjeldahl N contents of the surface soil (0-7.5 cm) were 1.25 and 1.20 times greater under long-term (10 yr) no-till than conventionally tilled systems. Microbial biomass C and total soil C observed under our no-till system (0-10 cm) was 1.5 and two times greater, respectively, than under the moldboard system (Table 1) . Total C levels associated with soil aggregates were signifi cantly greater in the intermediate aggregate size fractions (0.5-1 and 1-2 mm) than the other size fractions (Table 1) , which is similar to what others have observed (Mendes et al., 1999; Schutter and Dick, 2002) . Doran (1987) reported an average of 34% more microbial biomass C in the surface 0 to 7.5 cm of Table 4 . Relative abundance of biomarkers in different tillage systems and aggregate size fractions. Since tillage × aggregate size interactions were not signifi cant, the main effects of tillage treatment and aggregate size are presented. Values for tillage treatments were derived by averaging across aggregate sizes, and values for aggregate size fractions were derived by averaging across tillage treatments.
DISCUSSION
Treatments
Gram positive biomarkers Gram negative biomarkers Fungal biomarkers no-till (4-11 yr) than in a moldboard system. In our study, microbial biomass C was 42% greater in the surface 10 cm of the no-till system than in the moldboard system. Likewise, increased microbial biomass C associated with aggregate sizes >0.5 mm was comparable with the observations of Gupta and Germida (1988) , Miller and Dick (1995) , and Schutter and Dick (2002) . Increased substrate availability with higher levels of C might have resulted in greater microbial biomass in larger aggregate sizes than in aggregates <0.5 mm.
Changes in the physicochemical characteristics of aggregate size fractions also affect the microbial activity responsible for N transformations. Mendes et al. (1999) found that readily mineralizable N levels increased with aggregate size in soils with legume cover crops. Potential N mineralization rates in long-term no-till soils were higher in the 0.5-to 1.0-mm aggregate size fraction than in larger or smaller size fractions (Fig. 1) .
Although some of enzyme activities and microbial biomass C and N have been used to predict N mineralization in soil (Ekenler and Tabatabai, 2002; Burton and McGill, 1992) , few studies have characterized the distribution of N mineralization enzymes among soil aggregate size classes. Mineralization of organic N involves complex interactions among various enzymes, organic substrates, and microorganisms (Sinsabaugh, 1994) . The four enzymes characterized in this study have important roles in both the aminization and ammonifi cation steps of the N mineralization pathway. Deng and Tabatabai (1996) reported that these four enzyme activities were not correlated with the clay content of soil. This insensitivity to soil clay content suggests that the potential activity of these enzymes maybe associated with the microbial community composition. While potential activities rather than in situ activities of these enzymes were measured in this study, they provide an indication of the potential impact of microbial communities and their habitats (aggregate size fractions) on the N mineralization process.
The N-acetyl-β-glucosaminidase is a key enzyme that degrades chitin, an abundant organic N compound in most soils (Stevenson, 1994) . Higher total N in the surface soils of our no-till and chisel tillage systems than the moldboard tillage system (Table 1) was associated with greater NAG activity ( Table 2) . A similar trend for NAG activity was observed by Ekenler and Tabatabai (2002) after 10 yr of no-till, chisel, and moldboard tillage treatments. The signifi cant correlation of NAG activity with fungal biomarkers identifi ed in this study (Table 7) was similar to those obtained by Miller et al. (1998) . Indicator species analysis showed that fungal biomarkers were the major contributors to the variation in microbial community composition of our tillage systems (Table 4) . Accordingly, enhanced fungal populations in the surface soils of the no-till system indicate a greater potential for chitin degradation (Gooday, 1990) .
Increased arylamidase activity observed in the chisel and no-till systems compared with the moldboard system of this study was similar to the reports of other long-term tillage studies (Acosta-Martinez and Tabatabai, 2001 ). The proportion of fungal biomarkers was signifi cantly greater under the no-till and chisel plow systems than under the moldboard plow system (Table 4) , and arylamidase and NAG activities were significantly correlated with fungal biomarker abundance (16:1ω5c) but not with bacterial fatty acids biomarkers (Tables 7 and 8 ). These results indicate that increased activity of aminization enzymes in no-till soil is associated with an increased proportion of fungi in the microbial population.
The increased potential NAG and arylamidase activity observed in intermediate aggregate size fractions may be associated with the production of enhanced enzyme levels by the active microbial communities that decompose greater amounts of labile organic matter (microbial biomass C). This is supported by our PLFA analysis, with greater relative abundance of fungal biomarkers (18:2ω6c and 16:1ω5c) in the 0.5-to 1.0-mm aggregate size fraction than in aggregate sizes <0.25 mm (Table 4) . Similarly, Allison and Jastrow (2006) reported the greatest NAG activity in particulate organic matter fractions of a prairie restoration chronosequence. Thus, the intermediate aggregate size fraction may function as a more favorable microbial habitat by providing the necessary combination of environmental conditions (substrate, pore space, etc.) to promote fungal growth and activity.
Studies of long-term no-till management systems have shown that soil organic C and N and amidohydrolase activity, including l-glutaminase and L-asparginase, are related (Deng and Tabatabai, 1996) . In our study, l-glutaminase and l-asparaginase activities were signifi cantly greater for the longterm no-till system than for the moldboard system (Table 2) . Elevated levels of fungal biomarkers and microbial biomass C (Tables 1 and 4) in the no-till soils probably contributed to higher l-asparaginase and l-glutaminase activity, as these are predominantly intracellular enzymes associated with living microbial cells (Deng et al., 2006) . Although both enzymes are amidohydrolases, the activity of l-glutaminase was seven times higher than l-asparaginase activity. The activity of l-glutaminase varied signifi cantly with aggregate size and l-asparaginase did not change with aggregate size (Table 2) . Differences in microbial habitats associated with aggregate size classes may have differential impacts on the potential activities of N mineralization enzymes.
Fungi that are more prominent in no-till systems (Table 4 ; Beare et al., 1997; Frey et al., 1999) than chisel and moldboard plow systems may have enhanced the l-asparaginase activity in soils from the no-till system. Filamentous fungi have been shown to increase the production of l-asparaginase compared with l-glutaminase (Imada et al., 1973) . Accordingly, in this study l-asparaginase activity was signifi cantly correlated with both fungal biomarkers 16:1ω5c and 18:2 ω6c, while l-glutaminase was related only to 16:1ω5c (the mycorrhizal fungi biomarker) (Table 8) .
In summary, the potential activities of enzymes involved in both the aminization and ammonifi cation processes were greater under no-till than tilled systems. Although aggregate size had signifi cant effects on NAG, arylamidase, and l-glutaminase activities, the magnitudes were small compared with the magnitudes of the tillage effects (Table 2) . Fungal biomarkers determined by the PLFA method were signifi cantly greater in the no-till system than in the tilled systems and were highly correlated with all four enzyme activities (Table 7) . This suggests that no-till management enhances the activities of enzymes involved in N mineralization by enhancing the proportion of fungal organisms in the soil microbial community. Soil from the no-till system had a twofold higher total N concentration than soils from the tilled systems (Table 1 ) and higher potential activities of enzymes involved in the mineralization of organic N ( Table 2 ). This suggests that the soil organic N pool may turn over more rapidly in no-till systems than in tilled systems. We have used 15 N labeling methods to demonstrate greater net N mineralization rates in no-till than in tilled soils (data not shown). 
